ABSTRACT: Vertical graphene heterostructures have been introduced as an alternative architecture for electronic devices by using quantum tunneling. Here, we present that the current on/off ratio of vertical graphene field-effect transistors is enhanced by using an armchair graphene nanoribbon as an electrode. Moreover, we report spin-dependent tunneling current of the graphene/MoS 2 heterostructures. When an atomically thin MoS 2 layer sandwiched between graphene electrodes becomes magnetic, Dirac fermions with different spins feel different height of the tunnel barrier, leading to spin-dependent tunneling. Our finding will develop the present
graphene heterostructures for electronic devices by improving the device performance and by adding the possibility of spintronics based on graphene.
Graphene has been considered to be a promising material for future electronics due to its extraordinary properties such as high carrier mobility, 1,2 thermal conductivity, 3 and strong break strength. 4 Although the extremely high electrical conductivity makes graphene a potential candidate for replacing silicon-based electronics, Klein tunneling causes that electrical transport of Dirac fermions is insensitive to electrostatic potentials, resulting in a low current on/off ratio of graphene-based field-effect transistors. [5] [6] [7] In order to realize graphene electronics, it is important to manipulate its electronic properties without impairing the high mobility.
Recently, increasing interest has been focused on an alternative graphene device structure by using quantum tunneling. For a graphene/silicon heterojunction, large current on/off ratio was achieved by controlling the Schottky barrier formed at the interfaces. 8 In spite of the device performance, the carrier mobility of graphene deposited on silicon substrate is generally expected to decrease because of the inhomogeneity caused by the substrate. 9, 10 Meanwhile, the possibility of a graphene field-effect transistor has been reported, based on vertical heterostructures with atomically thin insulating barriers such as hexagonal boron nitride (hBN) and molybdenum disulfide (MoS 2 ). [11] [12] [13] [14] Layered materials such as hBN and MoS 2 have gained burgeoning interest as a material for use in graphene devices. 15 For example, the encapsulation of graphene by hBN maintains the high electronic quality of pristine graphene. [16] [17] [18] [19] While the large band gap of hBN (~5.97 eV 20 ) causes an insufficient current on/off ratio, the larger on/off ratio was observed for graphene/MoS 2 vertical field-effect transistor, owing to its smaller band gap as compared to hBN. Therefore, the graphene/MoS 2 heterostructure has been regarded as a significant building block of graphene-based electronics, and it is important to investigate the possible functional devices by utilizing its advantages for applications.
Herein, we present not only the improvement in the current on/off ratio of the existing graphene/MoS 2 vertical field-effect transistors 11 but also an application of the heterostructure in spintronics by producing spin-dependent tunneling. First, we show that there emerges the peak nature in tunneling current characteristics for a graphene/MoS 2 /graphene nanoribbon (GNR)
heterostructure. This finding has potential for the use of the current peaks, resulting in the improvement of the current on/off ratio. Second, the existence of magnetic properties in few- 
Results and Discussion
The tunneling current through the MoS 2 insulating barrier can be obtained as below Here, note the fact that the tunneling current density is asymmetric with respect to bias voltage.
This asymmetric feature of the tunneling current is a consequence of the interlayer screening.
Even in equilibrium (V b = 0 V), there exists a finite electric field between the top and bottom graphene layers, which induces the shift of Dirac cone. When V b is applied between the two graphene layers, the number of carriers, which contribute to tunneling, is differently induced, depending upon the direction of V b .
The tunneling current curve versus V g is plotted in Fig. 2(b) . The ratio of the tunneling current density between an off-state (V g = 0 V) and an on-state (V g = 150 V) is found for the given V b at room temperature. While the current on/off ratio without the screening effect reaches up to 10 6 , it goes down to 10 5 in the consideration of the screening effect. Despite of this decrease, the room-temperature current on/off ratio is still high as experimentally in Ref. 11 . In recent years, it has been found that the exhibited magnetic properties in an atomically thin MoS 2 layer can be due to several causes; zigzag-terminated grain boundary [21] [22] [23] [24] or sulfurvacancy. 25 For example, the broken inversion symmetry due to the sulfur-vacancy leads to a splitting between different spin states for few-layer MoS 2 , whereas there is no spin-splitting for bulk MoS 2 . 27 In this paper, we consider that the MoS 2 layer used in our heterostructure is thin enough to have a non-zero spin-splitting energy when inversion symmetry is broken. In this case, the thin MoS 2 layer can be treated as a magnetic insulator with a spin-dependent barrier height, The calculation results of spin-dependent tunneling current through a magnetic MoS 2 (mMoS 2 ) are shown in Fig. 5 . Here, the spin-polarization of the tunneling current density is defined as P j = (j up -j down )/(j up +j down ). In Fig. 5 , one can see the differences in the spin-dependent feature for electron and hole tunneling currents. While the hole tunneling current is almost perfectly spin-polarized, the electron tunneling current is weakly spin-polarized. This is due to the fact that the spin-splitting near K-valley of m-MoS 2 is about 50 times larger in the valence band (δ v ≈ 145 meV) than in the conduction band (δ c ≈ 3 meV). 27 The small spin-splitting energy in the conduction band leads to the relatively weak spin-polarization of the electron tunneling current, P j ≈ 0.03-0.05. Meanwhile, due to the large spin-splitting in the valence band, the hole tunneling current is almost perfectly spin-polarized, P j ≈ 0.9-0.97. The spin-dependence of the tunneling current is also asymmetric with respect to the bias voltage polarity as consequence of the interlayer screening as aforementioned. Here, one may think that the large spin-polarization of the hole tunneling current seems to be unimportant because the hole tunneling is suppressed by the high tunnel barrier. This is resolved by using p-doped MoS 2 layers instead of intrinsic MoS 2 .
The Since most of spin-up(down) Dirac fermions in the drain graphene electrode is near K(K')-valley, we can achieve spin-polarized current if valley-polarization is generated by a valley-filter. It is well-known that the trigonal warping breaks the valley symmetry in graphene at several 100 meV, and it has been revealed that the valley polarization can be obtained through a p-n junction as a valley-filter. 35, 36 (see Supporting Information) In our systems, chemical potential in the top graphene electrode is ~300 meV for V g = 100 V, which is valid for the trigonal warping. We, therefore, expect that the spin-polarized current can be achieved by adding a valley-filter to our heterostructure. In results, the graphene/m-MoS 2 /graphene heterostructures provide a potential application in graphene-based spintronics as a good spin filter, compared with the existing spintronics technology. 
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